Rhesus monkeys were fed a high-fat diet containing either 0, 43, or 129 £tg/kcal of cholesterol for 18 months. In the monkeys on the cholesterol-supplemented diets, changes in plasma cholesterol remained within the range found in monkeys fed the cholesterol-free diet. Monkeys on the cholesterol-supplemented diets were compared with monkeys given no dietary cholesterol with range-matched plasma cholesterol; intimal thickness of the aorta and branch arteries, distribution of lipoprotein cholesterol, and tissue content of cholesterol in aorta and liver were considered. The monkeys on the cholesterol-supplemented diets showed intimal thickening with more sudanophilia and increased aortic cholesterol, a decrease in plasma high-density lipoprotein cholesterol, and an increase in low-density lipoprotein cholesterol, and the monkeys fed the higher amount of dietary cholesterol showed an increase in hepatic cholesterol. No null point for the effect of dietary cholesterol on arterial intima was found even at an intake level far below that conventionally used for the induction of experimental atherosclerosis in the nonhuman primate. The intimal changes found in response to very low cholesterol intake imply that subtle qualitative alterations in lipoproteins are of critical importance to our understanding of lesion induction.
the limits found in monkeys fed cholesterol-free diets. In the present experiment we observed intimal thickening associated with shifts in plasma lipoprotein cholesterol toward low-density preponderance in monkeys on cholesterol-supplemented diets with plasma cholesterol levels within the control range.
Methods
Thirty adult male rhesus monkeys (6.7 ±0.19 kg) were fed a semipurified diet (Table 1) in which approximately 40% of the total calories was derived from a mixture of oils designed not to elevate (11) or lower (12) plasma cholesterol. All monkeys were given 600 kcal/ day to maintain positive caloric balances (13) . After a base-line period of 1 month, 50% of the monkeys were divided into three groups according to their plasma cholesterol levels and given dietary cholesterol. Group 1 received 43 /wg/kcal day" 1 , group 2 received 129 /xg/kcal day" 1 , and group 3 received 387 j/g/kcal day" 1 . The remaining monkeys had no cholesterol added to their diet.
The experimental monkeys were by definition monkeys on a cholesterol-supplemented diet with plasma cholesterol levels below the upper limit (220 mg/dliter) found in monkeys fed the cholesterol-free diet. The control group included five monkeys selected from those fed the cholesterol-free diet; their plasma cholesterol levels at the end of the study approximated the terminal mean and range values of the experimental monkeys, 143 mg/dliter and 117 to 212 mg/dliter, respectively. After 18 months the control and experimental groups were autopsied after administration of 447 448 ARMSTRONG, MEGAN, WARNER Dietary ingredients included soya protein, cornstarch, cane sugar, safflower oil, peanut oil, and cocoa butter, with vitamins, salt mix, and fiber as previously described (9) . phencyclidine anesthesia and exsanguination from the abdominal aorta.
MORPHOLOGIC STUDIES
The aortas were examined for visible lesions. Histologic study was centered on the aorta at the arch and at the midpoints of the upper and lower halves of the descending thoracic and the abdominal portions, on the main coronary arteries at 0.4 cm (left) and 0.3 cm (right) from their ostia, on the subclavian artery midway between the vertebral artery and the common trunk (right) or the aorta (left), and on the common carotid and femoral arteries at their midpoints. Paraffin sections were used for cross-sectional measurements of the intimal and medial areas by the projection technique previously described (14) .
PLASMA, AORTIC, AND HEPATIC LIPIDS
Plasma cholesterol (15) was determined at 2-week or monthly intervals in monkeys fasted overnight. The cholesterol content of high-density lipoproteins and lowdensity lipoproteins was measured at the end of the base-line diet period and at the end of the study by heparin-manganese precipitation (16, 17) after preparative ultracentrifugation of plasma at its own density and removal of very low-density lipoprotein (18) . The completeness of separation of high-density lipoproteins and low-density lipoproteins was confirmed by paper electrophoresis followed by elution of the appropriate areas with diethyl ether and qualitative analysis for cholesterol by gas chromatography.
Intima-inner media samples consisting of the inner third of the aortic wall were removed under magnification from normal-appearing portions of the upper abdominal aorta. Hepatic tissue was taken from the right lobe. All tissue was taken to constant dry weight at 41°C and extracted with a chloroform-methanol solution (2:1) (19); cholesterol and cholesteryl ester were isolated by Florisil plates in a heptane-diethyl ether-acetic acid solvent system (70:30:0.5). These lipid classes were visualized by rhodamine 6G and eluted with three extractions of ether. Following hydrolysis of the ester band by the method of Abell et al. (15) , cholesterol and cholesteryl esters were determined by gas chromatography as the trimethylsilyl derivative (20) . Corrections for recovery were made with isotopic cholesterol and cholesteryl oleate added to the combined extracts of each sample.
Results

RELATIONSHIP OF NORMOCHOLESTEROLEMIA TO DIETARY CHOLESTEROL CONTENT
The responses of total plasma cholesterol to the three levels of dietary cholesterol are shown in Table 2. All monkeys fed the two lower levels of cholesterol, i.e., groups 1 and 2, maintained plasma cholesterol values within the control limit (220 mg/ dliter) and were considered experimental monkeys. The monkeys fed the highest level of cholesterol (group 3) had plasma cholesterol values far above that of the control monkeys; they clearly failed to meet the criterion set for the experimental monkeys and, therefore, were not included in this study. Plasma cholesterol in the experimental monkeys rose above base-line values with terminal increases averaging 12% and 45% for the two groups. The increases were evident within the first month of cholesterol supplementation. In group 1 the increases at 2 weeks and 1 month averaged 10% and 16%, respectively; and in group 2 the increases were 34% and 46%, respectively. Only random changes occurred in the control group. Plasma triglycerides and phospholipids obtained throughout the study as part of a more complete evaluation of plasma changes showed no sustained trends in experimental or control groups. Table 3 shows the high-density lipoprotein and the low-density lipoprotein cholesterol distribution for control and experimental monkeys. Terminal high-density lipoprotein cholesterol values were lower without exception in all experimental monkeys compared with base-line values, and the Plasma cholesterol values are means ± SE. Each group consisted of five monkeys. means of both experimental groups were lower than the level found in the control monkeys. Terminal low-density lipoprotein cholesterol was higher than the base-line value in all experimental monkeys. The terminal low-density lipoprotein cholesterol level in group 1 averaged slightly less than that in the control group, but the ratio of lowdensity lipoprotein cholesterol to high-density lipoprotein cholesterol was slightly higher in group 1. In group 2 the terminal low-density lipoprotein cholesterol level and the ratio of low-density lipoprotein cholesterol to high-density lipoprotein cholesterol were distinctly higher than they were in the control group.
PLASMA CHANGES IN LIPOPROTEIN CHOLESTEROL
ARTERIAL MORPHOLOGIC COMPARISONS
Gross Aortic Lesions. -Macroscopic evidence of aortic intimal changes was minimal. The intimal surface area that was estimated to differ from normal appearance averaged 5% in the control groups, 7.5% in group 1, and 11.8% in group 2. Clearly elevated lesions were positively identified only in the experimental monkeys; these lesions were small and consisted of both fatty and fibrous streaks.
Histologic Findings.-The experimental mon-keys had more intimal thickening expressed as cross-sectional area than did the control group (Table 4 ). Whether the intimal thickening in experimental monkeys was within a broader range of normal variation than that in the control group was investigated. The morphologic findings in the control group were suitably representative of numerous control monkeys that we have studied previously. The average intimal thickening was generally greater in group 2 than it was in group 1. Measurements of the transverse medial areas are not shown; they were quite similar among the groups and these indicate the comparability of arterial size at the sites preselected for measurement. The histologic features found in experimental monkeys are shown in Figures 1-7 . The involved areas contained significant fibrous and lipid elements. Foam cells were seen to a variable and sometimes prominent degree. The much smaller lesions in the control group (not illustrated) were fibrotic thickenings of the intima that contained little lipid; foam cells were sparse. Tissue Cholesterol.-The cholesterol content of normal-appearing aortic intima-inner media sam- pies is shown in Table 5 . The amount of cholesterol in an inner wall sample of fixed thickness should vary principally with the increases in the thickness of the intima in response to the differences in dietary cholesterol. The data in this paper fulfill this expectation. We observed a transition in cholesterol and cholesteryl ester levels from those largely indicative of the inner media to those more indicative of the lipid-rich intima Hepatic cholesterol did not rise in group 1 compared with the control group (Table 6 ). In group 2 both free cholesterol and cholesteryl esters rose; total hepatic cholesterol content was 67% greater than that in the control group.
Discussion
In this study rhesus monkeys given low levels of dietary cholesterol that did not elevate plasma cholesterol beyond normocholesterolemic levels differed in several ways from monkeys fed the cholesterol-free diet with range-matched total plasma cholesterol. Monkeys on the cholesterol-supplemented diets had a thickened sudanophilic arterial intima with intracellular and extracellular lipid deposits. Correspondingly, the total cholesterol content of aortic intima-inner media samples Lower abdominal aorta from a monkey in group 2. The intimal lesion has myointimal and foam cells distributed through its mass except in the more fibrous layers just under the endothelium. Thrombi such as that adherent to the luminal surface were very rare. Hemotoxylin and eosin stain; original magnification was 100x.
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FIGURE 3
Right main coronary artery from a monkey in group 2. The thickened intima shows marked cellularity beneath the flat endothelium. Hemotoxylin and eosin stain; original magnification was 400x.
FIGURE 4 Common carotid artery from a monkey in group 1. Circumferential narrow fibrous bands surround a central intimal area of myxoid appearance. Hemotoxylin and eosin stain; original magnification was 250x.
tended to be higher in the two groups fed cholesterol.
The terminal plasma lipoprotein cholesterol values in the experimental monkeys differed from base-line levels; a decrease in high-density lipoprotein and an increase in low-density lipoprotein cholesterol occurred after cholesterol feeding. Both experimental groups had lower high-density lipoprotein cholesterol than did the control group, and group 2 had higher low-density lipoprotein cholesterol. Such changes in plasma lipoprotein cholesterol distribution suggest that the normocholesterolemia of monkeys fed low levels of dietary cholesterol is dissimilar from that found in monkeys on a cholesterol-free diet. In ongoing
FIGURE 5
Subclavian artery from a monkey in group 1. Sudanophilia (black area) is intense in the area of major intimal thickening. Oil-red-0 stain; original magnification was 40x.
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studies we have found that this redistribution pattern in lipoprotein cholesterol is characteristic of monkeys on a cholesterol-supplemented diet. Lasser (21) has recently reported somewhat similar findings.
The hepatic content of free cholesterol and cholesteryl esters was very similar in group 1 and the control group, but group 2, which received more dietary cholesterol, had more hepatic cholesterol, particularly cholesteryl ester. This difference between group 2 and group 1 or the control group is regarded as a reflection of the difference in plasma low-density lipoprotein cholesterol level, since hepatic cholesterol content rises as plasma low-density lipoprotein cholesterol increases in monkeys on a cholesterol diet (9, 22) .
The observed intimal thickening in the two experimental groups cannot necessarily be attributed to the same causes. In group 2, the clear increases in low-density lipoprotein cholesterol and in hepatic cholesterol are changes involving the metabolism of cholesterol (22) and lipoprotein (9) that cause or permit intimal thickening with associated increases in intimal lipid (23) . The increase in intimal thickening in group 1, however, is more precariously ascribed to any metabolic change reported in this investigation. Plasma low-density lipoprotein cholesterol, hepatic free cholesterol, and hepatic cholesteryl ester levels were statistically similar to those levels in the control group at the end of the experiment. Because group 1 had lower terminal high-density lipoprotein cholesterol, the ratio of terminal low-density lipoprotein cholesterol to high-density lipoprotein cholesterol was higher than the ratio in the control group (Table 3 ). This ratio may possibly be a useful index of the atherogenic potential of plasma; it estimates the relative availability of the two major lipoprotein classes in postabsorptive plasma for uptake, lipid exchange at the intimal surface, or both. However, the slightly higher terminal ratio in group 1 does not convincingly explain the obvious difference in intimal thickening between group 1 and the control group. It remains to be established that the ratio of low-density lipoprotein cholesterol to high-density lipoprotein cholesterol is a better indicator of the atherogenicity of plasma than is the low-density lipoprotein cholesterol content in experimental atherosclerosis in primates. Moreover, if we accept the view that a minor ratio difference during the 18-month experimental period favored sudanophilic intimal thickening, then we must also accept the probability that, during a longer preexperimental period in adult monkeys, monkeys in the control group had higher ratios than did those in group 1 and that intimal thickening did not occur.
The data from group 1 suggest questions about the effect of lipid food tides and about possible qualitative lipoprotein changes in normocholesterolemic plasma that are consequent to cholesterol feeding. The fact that lipid absorbed from the gut enters the arterial wall is well established (24, 25) . However, a role for postprandial hyperlipemia per se as a contributing factor to intimal thickening has not been shown and was not evaluated in this study. The results from group 1 parallel the findings of a number of in vivo and in vitro studies of arterial smooth muscle. Thomas et al. (26, 27) obtained in vivo evidence of a proliferative response in aortic smooth muscle cells after 72 hours of cholesterol feeding and before hypercholesterolemia was established. Fisher-Dzoga et al. (28) found that cultured smooth muscle cells incorporated lipid from postprandial serum without proliferation; they also observed, as have others (29), a proliferative effect caused by low-density lipoproteins and a marked proliferation and incorporation of lipid, particularly cholesteryl esters, in response to lowdensity lipoproteins in animals on a cholesterolsupplemented diet (30, 31). There is widespread agreement that proliferation (32, 33) and lipid uptake by intimal smooth muscle cells are important in lesion formation, as is the demonstrated fibrogenic activity of this cell type (34, 35). We speculate that the intimal smooth muscle cells of group 1 showed these three responses-proliferation, lipid storage, and fibroplasia -to nornocholesterolemic plasma whose low-density lipoprotein was qualitatively altered by dietary cholesterol This study was focused on changes in the arterial intima of a nonhuman primate after administration of dietary cholesterol at levels far below those used conventionally to induce experimental atherosclerosis. The intimal changes observed were correspondingly much smaller. The regimen for group 1 was originally designed to demonstrate a null point of the effect of dietary cholesterol on the arterial intima. However, such a point was not found; no threshold for dietary cholesterol was established with respect to a putatively adverse effect on arteries.
